In a study of 908 males from Europe, northern Africa, and western Asia, the variation of four Y-linked dinucleotide microsatellites was analyzed within three "frames" that are defined by mutations that are nonrecurrent, or nearly so. The rapid generation and extinction of new dinucleotide length variants causes the haplotypes within each lineage to diverge from one another. We constructed networks of "adjacent" haplotypes within each frame, by assuming changes of a single dinucleotide unit. Two small and six large networks were obtained, the latter including 94.9% of the sampled Y chromosomes. We show that the phenetic relationships among haplotypes, represented as a network, result largely from common descent and subsequent molecular radiation. The grouping of haplotypes of the same network thus fits an evolutionarily relevant criterion. Notably, this method allows the total diversity within a sample to be partitioned. Networks can be considered optimal markers for population studies, because reliable frequency estimates can be obtained in small samples. We present synthetic maps describing the incidence of different Y-chromosomal lineages in the extant human populations of the surveyed areas. Dinucleotide diversity also was used to infer time intervals for the coalescence of each network.
Introduction
Markers of the genetic diversity of the human Y chromosome currently are considered to have the potential to provide information on male-specific patterns of migration in the past. The desirable characteristics of markers of this kind are a high level of polymorphism in the population and the lowest possible incidence of recurrent mutations. Polymorphic single-nucleotide substitutions and Alu insertions on the male-specific part of the chromosome have been described (Hammer 1994 Seielstad et al. 1994; Whitfield et al. 1995; Underhill et al. 1996 Underhill et al. , 1997 Bianchi et al. 1997; , and, in view of the unlikely occurrence of convergent mutational events at each site, Y-chromosomal types defined by these markers are amenable to classic phylogenetic analysis. However, these markers are not very polymorphic. On the other hand, microsatellite loci show higher levels of polymorphism (Roewer et al. 1992 (Roewer et al. , 1996 Mathias et al. 1994 ), but they cannot be treated by parsimony analysis (Cooper et al. 1996) . For statistical treatment of microsatellite data, these articles have introduced network analysis. They have shown that, with some exceptions (see Hammer et al. 1997) , a large share of length variation can be accounted for by putative mutational events that introduce a change of a single repeated unit. As opposed to trees, networks are reticulated graphs. They allow more than one pathway to describe convergent mutational events that may generate haplotypes identical in state (Bandelt et al. 1995) .
In previous studies we have shown that Y-chromosomal dinucleotide polymorphisms have great power in revealing interpopulation differences (Ciminelli et al. Zerjal et al. (1997) . b Source: Scozzari et al. (1997) . c Source: Persichetti et al. (1992) . d Source: Ciminelli et al. (1995). 1995; Scozzari et al. 1997) . To better understand the relationships among allelic states at microsatellite loci, we analyzed their variation on chromosomes characterized in terms of the YAP insertion (Hammer 1994) and the presence/absence of the HindIII site in alphoid units (Tyler-Smith and Brown 1987; Santos et al. 1995) -that is, two polymorphisms with a low incidence of recurrent mutations and in strong disequilibrium (Persichetti et al. 1992) . In studying a large group of males from Europe, northern Africa, and western Asia, we observed that identical microsatellite haplotypes are seldom independently generated along different lineages. We also combined network analysis with analysis of the occurrence, frequency, and dispersal of different molecular types. Our results strengthen the idea that the phenetic similarity among haplotypes, represented as a network, is, to a large extent, the result of common descent from one or a few ancestral states and the subsequent molecular-radiation process. On this basis, we present synthetic maps that summarize the incidence of different Ychromosomal lineages in the extant human populations of the "Caucasian" group. This methodology proves to be extremely powerful in revealing specific patterns in the distributions of molecular types related by descent.
Subjects and Methods

Subjects
We analyzed a total of 908 subjects from 33 populations corresponding to 33 locations (table 1) . Each sample consisted of males collected in a specific location ( fig. 1a ) after ascertainment of grandparental origin. For some locations, males were assigned to the location on the basis of their grandparents' origin, independently from the site of collection.
Screen for Y-Chromosomal Variants
The presence of the YAP element was assayed by PCR followed by agarose electrophoresis, as described elsewhere (Hammer and Horai 1995) . The presence of the alphoid HindIII site was tested by either Southern hybridization of digested genomic DNA (Tyler-Smith and Brown 1987) or PCR followed by digestion (Santos et al. 1995) . The CAII polymorphic system was detected according to the method of Mathias et al. (1994) . This system consists of two Y-specific loci , each containing a (CA) n microsatellite, that are coamplified during PCR. The larger PCR fragment and the smaller PCR fragment generated at this system in each individual were assigned to the allelic classes CAIIa and CAIIb, respectively. We confirm here that, in both classes, the length of the alleles differs in the number of units in a perfect (CA) n repeat. Whenever a single band was observed, two fragments of the same size were assumed (Mathias et al. 1994 ). The DYS413 polymorphic system was amplified with a Y-specific primer pair developed by Malaspina et al. (1997) . This system, too, consists of two loci, each containing a (CA) n microsatellite, and PCR fragments were assigned to allelic classes DYS413a and DYS413b, as described above for CAII.
In the rest of this article, the term "haplotype" will be used to indicate the result of typing for the four microsatellite allelic classes CAIIa, CAIIb, DYS413a, and DYS413b, whereas the term "superhaplotype" will be used to indicate the combination of the microsatellite haplotype with the YAP and the alphoid HindIII results.
Statistical Analysis
Statistical calculations were performed with SPSS version 6.1.3. Principal component (PC) analysis was performed on the matrix of relative frequencies of the net- works (see below) in the 33 populations, by weighting for sample size. PC values for the 33 populations were recalculated by regression and were used to construct maps as described below.
Analysis of molecular variance (AMOVA) (Excoffier et al. 1992 ) was used to calculate variances within and among populations and F ST (the correlation between random superhaplotypes or networks within subsamples, relative to that in the total population). In order not to introduce a priori assumptions into haplotype relationships, AMOVA did not take into account length differences among alleles; it considered only allele frequencies. In two independent runs of the analysis, we considered either (i) the frequencies of the 223 superhaplotypes or (ii) the frequencies of seven classes of superhaplotypes, each corresponding to one of the networks as defined below. In this phase of the analysis, genetic variances were computed only within samples and between samples, without considering the higher hierarchical levels of population structure.
Estimates of coalescence time intervals, in generations (t), were calculated, according to equation (2) of Gold-
Figure 2
Network 2.1, constructed as described in Subjects and Methods. Haplotypes found in only one individual are not framed. Four discrete sizes of rectangles are used to indicate the abundance of each haplotype in the entire set of 908 subjects. stein et al. (1996) , for the six largest networks, as a function of a range of mutation rates. Initial variance of (CA) n was considered null. Observed variance of (CA) n was obtained by averaging the values of the four microsatellite allelic classes. Mutation rate (m) was varied between and . Effective population
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2 # 10 2 # 10 size varied between 5,000 and 1,000, to account for the relatively low number of Y chromosomes within each network.
Network Construction
The similarity between all possible pairs of haplotypes of the same frame was measured by , where S Fx Ϫ yF i i x i and y i are the (CA) n at each allelic class in the two haplotypes and the summation is over the four allelic classes. When the result was 1, the two haplotypes were considered "adjacent," were assigned the same network, and were connected in the corresponding graph (see fig.  2 ). Graphs were constructed as described elsewhere (Cooper et al. 1996) , by beginning with the most common haplotype and sequentially adding the adjacent haplotypes. All possible adjacent relationships were indicated by connecting lines. Arrangement of haplotypes within the graph followed two simple rules-(1) all haplotypes with the same combined (CA) n length were placed on the same horizontal level and (2) line crossovers were minimized-but otherwise was subjective.
Since they include only observed haplotypes differing by one CA unit, these networks are, by necessity, "one-step networks" (Bandelt et al. 1995) .
Map Construction
Maps were obtained with Surfer System version 4.15 (Golden Software), with the Kriging procedure (Delfiner 1976) . Among the advantages of this method are the following: (i) for unsampled points it provides minimum variance estimators for the value of the variable (the network relative frequency, or PC value, in this context) at that point, on the basis of a linear combination of neighboring observed values (best linear unbiased estimators); and (ii) the surfaces of the estimated values of the variable coincide with the observed values at the sampled locations. This latter characteristic is not shared with other methods, such as the inverse-squared-distance method or the polynomial-interpolation method. We used a grid, and estimates at each grid node 69 # 39 were obtained by considering a maximum of 10 nearest points in each quadrant. To represent metric distances between locations, a transformation of actual longitude was adopted ( ). longitude ϭ longitude # cos[latitude]
Results
Y-Chromosomal Haplotypes and Superhaplotypes
In this study we analyzed the joint variation of two Y-specific biallelic polymorphisms and four dinucleotide microsatellites. The two biallelic polymorphisms define four categories, which previous reports have termed "frames" (Persichetti et al. 1992) : frame 1 ϭ YAPϪ,Hindϩ ; frame 2 ϭ YAPϩ,Hindϩ ; frame 3 ϭ YAPϪ,HindϪ; and frame 4 ϭ YAPϩ,HindϪ. The two biallelic polymorphisms were in almost complete disequilibrium (table 2) ( ; two-tailed Fisher's D ϭ 98.2% test ), with only one subject (0.11%) having a Ϫ4 P ! 10 frame 4 chromosome. These data are in agreement with those reported by Persichetti et al. (1992) and Santos et al. (1996) .
In the total sample of 908 males, dinucleotide typing revealed 179 different haplotypes. These resulted in a total of 223 superhaplotypes (detailed data are available on request), when combined with the YAP and alphoid data. A large number of dinucleotide haplotypes were found in each of the three major frames (table 2), because of variation in both the CAII and the DYS413 systems. Frame 1 dinucleotide haplotypes showed the largest variation in size, a total of 49 CA units over the four-band series. Frames 2 and 3 dinucleotide haplotypes varied by 24 and 32 CA units, respectively. These data agree with the observation that frame 2 is derived , and they point toward a greater antiquity of frame 1, compared with frame 3. Interestingly, 143 of the dinucleotide haplotypes were each found on one frame only, whereas 29 dinucleotide haplotypes were found on two frames, and 7 were found on frames 1-3. Whenever a haplotype was shared by more than one frame, either it was found at a low frequency in both frames or its frequency on one frame greatly exceeded the frequency in the other(s). This is particularly true for the most common haplotypes of each frame, whose absolute frequencies can be as high as 147 (also see table 3, col. 6). These data indicate that the net result of the production of new length variants and of their extinction along each lineage represented by the frames was not convergent but, instead, generated a majority (143/179 [80%]) of unique haplotypes. In fact, under the hypothesis of a frequent origin and increase in frequency of dinucleotide lengths equal in state, haplotypes common on more than one frame would be expected. This result also shows that consideration of multiple loci reduces the extent of homoplasy due to recurrent mutation at each locus.
Network Analysis
To give a detailed description of the dinucleotide variation, we constructed networks of "adjacent" haplotypes within each frame (see Subjects and Methods). Six major and two minor networks could be constructed by considering the changes of a single dinucleotide unit. Their main characteristics are reported in table 3; one of them is exemplified in figure 2 (other detailed graphs are available on request). Multiple networks within the same frame result from the impossibility of linking haplotypes by fewer than two dinucleotide units. Five separate networks (1.1-1.5) could be formed by haplotypes in frame 1, two networks (2.1 and 2.2) by haplotypes in frame 2, and a single network (3.1) by haplotypes in frame 3. Network 1.1 includes the majority of frame 1 haplotypes. Network 1.2 is characterized by short DYS413a and DYS413b fragments, a peculiarity of European populations (Scozzari et al. 1997 ). Network 1.3 is identified by a very short CAIIb fragment described by Ciminelli et al. (1995) for the first time in Sardinia. Network 2.1 includes the majority of chromosomes with the YAP insertion. Network 3.1 groups chromosomes devoid of alphoid units with the HindIII site. Network 1.4 is again made of frame 1 haplotypes, characterized by large CAIIa and CAIIb but small DYS413a and DYS413b fragments. Two haplotypes of frame 1 and two haplotypes of frame 2 form networks 1.5 and 2.2, respectively (see the Appendix, table A1).
The different networks include a variable number of subjects not strictly related to the number of haplotypes within the network (e.g., network 1.1 vs. 3.1 [table 3, cols. 3 and 4]). Overall, the six largest networks represent 94.9% of our population sample. Of the haplo- a Between any two subjects, each with the major haplotype of the network.
b Between any subject with the major haplotype of the network and any subject with another haplotype of the same network.
c Between any subject with the major haplotype of the network and any subject with a haplotype of other networks.
d Between any subject with the major haplotype of the network and any subject with an unclassified haplotype. e Significant at . P ! .001 f Significantly lower than distance C (Mann-Whitney ). P ! .001 g Significant at . P ! .05 types of frames 1, 2, and 3, 37 haplotypes (15, 5, and 17, respectively) could not be related by fewer than two CA changes, to either the networks of their frame or to each other. It is interesting to observe that 32/37 of these haplotypes were unique and that the other 5 haplotypes occurred twice in the sample; in 4 of these latter 5 cases, the two subjects were from the same location, suggesting that these haplotypes are strictly local.
Evolutionary Relationships within Networks
The unidimensional variation of dinucleotide length prompts caution in transferring a concept of phylogenetic relationship to a network that phenetically relates a set of haplotypes. Although massive recurrent production of haplotype states can be excluded on the basis of comparisons across frames (see above), this may not be the case within the same frame. We attempted to fit some of the features of the networks to a model in which each of them stems from a founder haplotype that undergoes successive mutational events represented as a network. Three lines of evidence in our data support this view. First, there is the structure of the networks themselves. In fact, in all networks the haplotype with the highest absolute frequency (i.e., the major haplotype; table 3, cols. 5 and 6) is central-that is, it is connected to haplotypes that represent either gains or losses of CA units in at least one of the allelic classes (table 3, cols. 7-10)-and these haplotypes are found at decreasing frequencies as the difference in CA units increases. The overwhelming frequency of the major haplotype is prominent in networks 1.2 and 1.3, in which a single central haplotype accounts for 67% and 78% of the subjects, respectively (table 3). At the center of networks 2.1 and 3.1, clusters of 3 and 7 haplotypes related by changes of a single unit are found, representing 37% and 79% of the subjects, respectively. Among all networks, of the 19 haplotypes representing the maximum or the minimum length of the dinucleotide repeats, 17 are found in one subject each, and none are found in more than three subjects.
Second, grouping of the haplotypes according to the network criterion enables detection of a higher level of population structure. When the 223 superhaplotypes were entered into the AMOVA analysis (Excoffier et al. 1992) , the observed variances among and within the 33 samples were .033 and .448, respectively ( ; F ϭ .069 ST when the 223 superhaplotypes were grouped in terms of the six largest networks, variances of .055 and .330 were obtained, respectively (
). This result can-F ϭ .143 ST not be attributed to the mere pooling of subjects, as long as the total variance is only slightly decreased (.481 vs. .385) whereas the variance among samples shows a net increase. The increase of F ST is in line with the hypothesis that common descent determines that haplotypes similar by state-and, therefore, grouped within the same network-still are found clustered within the same population(s).
Third, there are specific relationships between network structures and the geographic region where their haplotypes were found. The incidence of three of the networks shows a significant covariation with the geographic coordinates of the sampling locations (table 4, cols. 2 and 3). Moreover, we tested the hypothesis that haplotypes derived from a network founder (here assumed to be the major haplotype) still are found in roughly the same home range as the founder. In this context, not only was the home range considered as the area where a superhaplotype is found, but the number of carriers of each superhaplotype also was taken into consideration. To this purpose, we attempted to estimate the average spatial mobility of haplotypes during the radiation process. For each network, we calculated all pairwise linear distances among the sampling locations of subjects carrying the major haplotype (table 4, col. 4), between them and subjects carrying other haplotypes within the same network (table 4, col. 5), and between them and subjects carrying any other haplotype (table 4, col. 6). Under the hypothesis of a dispersal center for the network, the first and second measures are expected to be similar and smaller than the third. This expectation is verified for networks 1.2, 1.3, and 2.1, and the same trend is found for network 1.4. It should be observed that the results for networks 1.1 and 3.1 are basically not informative. In fact, haplotypes of these networks are almost ubiquitous, and distances among them are comparable to the average distance (1,923 km) among all 908 subjects. In addition, we cannot exclude the possibility that the lack of evidence for a dispersal center is attributable to the absence of clearly derived characteristics in chromosomes not necessarily closely related to one another. Indeed, data obtained with the marker p12f2, first described by Casanova et al. (1985) , suggest that it is able to dissect further network 1.1 (R. Scozzari, unpublished results). It is worth noting that sampling distances between major haplotypes and haplotypes excluded on the basis of classification into networks are often the largest (table 4, col. 7). This reinforces the view that this latter group of haplotypes is geographically marginal and likely to have origins different than those of the other haplotypes.
The results reported above establish definite correlations among molecular variations, incidence of different types within populations, and patterns of geographic clustering or confinement of certain types. Although the evidence is stronger for some networks than for others, these observations support the idea that the phenetic relationships between haplotypes within networks represent, to a good extent, lineages of haplotypes produced by consecutive mutational events.
Geographic Distributions
We used the networks of haplotypes in the 33 sampling locations to construct frequency maps ( fig. 1b-f) . Network 1.1 shows a significant east-to-west gradient ( fig. lb ; also see table 4, col. 3). Superhaplotypes of this network reach the lowest frequency in Basques (!.05). Network 1.2 ( fig. 1c) has a prominent center of high frequency in Crete, and it also is present in continental Greece and southern continental Italy. Network 1.3 ( fig.  1d ) is essentially confined to Sardinia, with the exception of few instances in continental Italy and central Spain. Elsewhere, we already have described both the peculiar CAII haplotype that characterizes this network and the abundant variation of tetranucleotide alleles associated with it at DYS19 (Ciminelli et al. 1995) and at loci DYS389, DYS390, and DYS393 (Caglià et al. 1997 ). The frequency distribution of network 2.1 follows a marked south-to-north gradient ( fig. 1e ; also see table 4, col. 2), in agreement with data reported elsewhere (Hammer et al. 1997 ). The gradient is generally steeper on the African-European boundary, particularly at the Strait of Gibraltar (.73 vs. !.10, in Morocco vs. the southern Iberian peninsula). It is worth noting that different haplotypes within this network contribute differently to this trend. In fact, four of the five most frequent haplotypes are found in at least five locations each, whereas the fifth (21-19-23-21) is found in three locations only, one of which has a high frequency of this haplotype (16/18 subjects are Moroccan Arabs). Network 3.1 largely overlaps with a set of chromosomes identified by markers 92R7 and M911 (Mathias et al. 1994; R. Scozzari and A. Novelletto, unpublished results) and shows a northwest-to-southeast gradient ( fig.  1f ; also see table 4, col. 2). Haplotypes of this network reach notably high frequencies in Europe (as high as .92, in Basques), north and west toward the Alps. A single major haplotype of this network is found in 147 subjects (table 4, col. 6) and in 67% of Basques. Finally, network
Figure 4
Estimates of t, as a function of m, for the six largest Y-chromosomal networks . Effective population size was 1,000-5,000. These two figures determined the lower-right and the upper-right boundary of each area, respectively. For networks 1.1, 2.1, 3.1, and 1.4, calculations were limited by inapplicability of the formula (upper straight lines of each area).
1.4 is confined to the eastern Mediterranean sea and to southern continental Italy. Overall, the heterogeneity of frequencies of the six largest networks in the 33 locations is highly significant (contingency ; 160 df; 2 x ϭ 716 ).
Ϫ5
P ! 10
We synthesized the above-discussed data by PC analysis. The first PC explained 29.6% of total variance, not much different from the values found for different series of autosomal data (for a review see Cavalli-Sforza and Minch 1997) . This factor proved to be highly correlated with networks 2.1, 3.1, and 1.4 ( , Ϫ.89, and .58, r ϭ .69 respectively), whereas the three remaining networks displayed absolute values of . The second PC exr ! .3 plained an additional 23.6% of total variance and was correlated mainly with networks 1.1 and 1. 3 ( and .73, respectively) . Figure 3a shows a plot r ϭ Ϫ.53 of the 33 populations in the space of the first two PC's. With the exception of Moroccan Arabs, European and northern African populations are arranged in a west-toeast fashion, according to the first PC, with the Basques and other western European populations on the left side and with the Turks, Cretans, and Egyptians on the right side. The western Asian populations do not fit this trend and display negative values for the first PC. Thus, the first PC reaches maximum values in the eastern Mediterranean, decreasing both westward and eastward. The second PC isolates the Cretan population as an effect of the focal distribution of network 1.3. The Basques are identified by a high value for this PC. Figure 3b and c show maps of the first two PCs. The first PC shows a cline from northern Africa, northward and eastward, that is particularly steep between Morocco and Iberia. With regard to Europe, the PC values decrease in the southeast-to-northwest direction. Interestingly, in addition to a focal distribution of high values in the central Mediterranean, the second PC highlights a clustering of low values in the Balkans.
Inference of Network Antiquity
A notable result of network analysis is its ability to enable partitioning of the total diversity. The variance of (CA) n in the entire sample approaches the saturation value for the variance of (CA) n -2.52 -at the Y-specific mutation/drift equilibrium (for CAIIb, the estimate is inflated by the overrepresentation of Sardinians carrying an unusually short fragment). On the other hand, variances within each network (table 3, cols. 11-14) are far from equilibrium, thus making it feasible to use dinucleotide diversity to estimate network antiquity. We used equation (2) of Goldstein et al. (1996) to evaluate the space of possible values of t (the time, in generations, for the coalescence of haplotypes within each network) for a range of mutation rates m and effective population sizes (N e ) (fig. 4) . For m ϭ 5.6 # (Weber and Wong 1993) , the large (CA) n variance Ϫ4 10 for network 1.1 resulted in an estimate of gent 1 3,000 erations, or 60,000-75,000 years. The two largest networks with derived characteristics-that is, networks 2.1 and 3.1-both showed much lower values, t ϭ generations. Finally, the three smaller net-1,000-3,000 works-1.2, 1.3 and 1.4-gave estimates of , t ϭ∼ 300 ∼200, and ∼450 generations, respectively. These latter estimates are fairly insensitive to different values of N e . Use of the lower value of (Gyapay et al. Ϫ4 m ϭ 2.5 # 10 1994) resulted in nearly a doubling of these estimates but, for networks 1.1, 2.1, and 3.1, led to a vast area of inapplicability of the equation, because of the small N e values used here.
Discussion
Grouping of Haplotypes into Networks
In this study, the overall variability of Y-linked dinucleotide microsatellites was analyzed, within three frames defined by mutations-the YAP insertion and the loss of alphoid units carrying the HindIII site-that either are in or approach the condition of nonrecurrence. The first of these mutations is considered a unique event; however, for the second one, Santos et al. (1996) pointed out the need to postulate a non-null, albeit low, recurrence. In these conditions we could detect a set of dinucleotide haplotypes that most likely arose by recurrent mutation, and we assessed their frequency as being low. This low identity by state is in contrast with data obtained with tetranucleotides (Ciminelli et al. 1995; Cooper et al. 1996; Caglià et al. 1997; Hammer et al. 1997; Zerjal et al. 1997 ) and can be explained by a lower mutation rate of the (CA) n dinucleotides (Weber and Wong 1993; Gyapay et al. 1994; Heyer et al. 1997) . The net result is a divergent accumulation of variants across frames in our data set. Our network analyses, performed within frames, considered only changes of a single dinucleotide unit (Cooper et al. 1996; Heyer et al. 1997) and, indeed, led to the grouping of the majority of haplotypes. This continuity between haplotypes was broken in frames 1 and 2, where more than one network could be constructed. Some of these networks could be linked if it is assumed that one or a few intermediates are missing because of incomplete sampling and/or recent extinction. However, this explanation can hardly be accepted for the large intervals between networks 1.1 and 1.3 and between networks 1.2 and 1.3 (8 and 12 CA units, respectively). On the whole, the data currently available favor the view that, in order to explain the entirety of dinucleotide variation, a pure stepwise-mutation model needs integration with rare events involving changes of larger numbers of CA units, as already postulated has been for di-and trinucleotides (Di Rienzo et al. 1994; Deka et al. 1995; Watkins et al. 1995) . Some of these events can be used as landmarks in the process of accumulation of variation within a frame. A conclusion of the present work is that at least two of the rare events consisting of large changes in repeat number can complement the information of single-site or insertional mutations in the definition of subsets of chromosomes with a common origin. For example, the two relevant groups of chromosomes of networks 1.2 and 1.3 could be identified within frame 1 only by virtue of microsatellite data.
The grouping of haplotypes of the same network is validated by our analyses and fits an evolutionarily relevant criterion. The greatest part of the total haplotype diversity proves to be condensed in no fewer than four common networks (1.1, 1.2, 2.1, and 3.1), each of which is represented in x10% of the total sample. These networks can be considered optimal for population studies, not least because reliable frequency estimates can be obtained in small samples (e.g., 20-30 males).
Geographic Distributions
We have constructed maps describing the extant frequencies of networks over the sampled area. These are necessarily preliminary, because they are influenced strongly by the small size of some samples and also because large areas lack sampling. We deliberately used a fitting method that preserves the experimental result at each point, in order not to hide the effect of data suffering from large sampling errors. The maps represent useful models for the distribution of Y-chromosomal types and allow immediate comparisons with previous autosomal, Y-chromosomal, and mtDNA data presented in this form Cavalli-Sforza and Minch 1997) . Emphasis should be put on the caution with which the maps must be interpreted. A specific frequency pattern is the result of both the migration and admixture of people, possibly associated with demic expansions, and of local expansions of types, because of drift and/or founder effects. The aforementioned factors could, in principle, be discriminated against when a large collection of autosomal data is used , whereas such discrimination is not always possible in the case of nonrecombining Y-linked markers. Indeed, an enhanced effect of drift has been postulated and demonstrated for this chromosome worldwide (Torroni et al. 1990; Spurdle et al. 1994; Jobling and Tyler-Smith 1995; Scozzari et al. 1997; Underhill et al. 1997) . The confinement and high frequency of network 2.1 haplotype 21-19-23-19 in Morocco (see above) suggests a strong drift that is able to affect markedly the shaping of the corresponding map ( fig. 1e ).
Many features replicate previous results-for example, the peculiarity of the Basque population (CavalliSforza et al. 1994; Santachiara-Benerecetti et al. 1994; Lucotte and Hazout 1996) , the sharp genetic changes at the African boundaries RuizLinares et al. 1996; Hammer et al. 1997) , and some of the genetic changes associated with linguistic and geographic boundaries Sokal 1990, 1991) . Novel features are also emerging, which seem more peculiar to the Y chromosome. These features include the high incidence of network 1.1 haplotypes ( fig. 1b) in northeastern Europe. Chromosomes carrying the Tat-C mutation ) are included within this set (A. Novelletto, unpublished results) and may label affinities with central Asians. Network 1.2 haplotypes reach high frequencies in south-central and southeastern Europe ( fig. 1c) . Since samples from the Middle East are missing, a better definition of the area with high frequencies of network 1.2 cannot be attained at present. Also emerging from our data is the accumulation of network 3.1 types in western Europe, with a focus in the entire Iberian peninsula, including the Basques ( fig.  1f ). This pattern is contributed mainly by a single haplotype of this network-that is, 23-19-23-23 . This haplotype largely overlaps with chromosomes carrying haplotype XV, detected by probe 49a/49f (Persichetti et al. 1992 ; R. Scozzari, unpublished results). Semino et al. (1996) have described the high incidence of this latter haplotype in the same geographic area.
PC analysis ( fig. 3 ) reveals that the distribution of network 3.1 types and chromosomes carrying the YAP insertion are the main determinants of the overall Ychromosomal picture in Europe. Since this analysis took into account sample size, the lines of equal value of the first PC display less pronounced local variations, but they still retain most of the features discussed above. The map shows a clear southeast-to-northwest gradient all over Europe, a main feature of maps obtained with autosomal, Y-chromosomal, and mtDNA data (CavalliSforza and Minch 1997, fig. 1b-d) . The poor coverage of areas east of the Mediterranean gives less support to such a gradient over western Asia, in our map. A strong African influence also is evident, but it cannot be compared with that in previous data (Cavalli-Sforza and Minch 1997, fig. 1c ).
Implications for the Peopling of Europe
Important hints on the processes that have led to the observed distributions may be obtained by a dating of the network antiquity. In two instances our dating results can be evaluated against available data. The estimate for network 2.1 is in agreement with the data reported by and Hammer et al. (1997) . They showed that chromosomes carrying the YAP insertion, found in Europe and North Africa, belong primarily to YAP haplotype 4, whose origin is estimated as 90,000 years ago. Also, for network 1.3, confined to Sardinia, our estimate is compatible with an origin not earlier than the first human settlements of the island (9,000 years ago [Cappello et al. 1996] ). Network 1.1 appears to be the oldest network, and thus is a good candidate to represent the remainder of an ancestral set of background haplotypes on which subsequent variation was generated by aboriginal mutations or immigration. Barbujani et al. (1998) and Richards and Sykes (1998) warned against use of the age of molecules to infer the dating of splitting of the populations that carry them. In our data, too, the events that have led to the attainment of the observed frequencies of networks with derived characteristics may have occurred much more recently than the origin of the different types. Hammer et al. (1997) pointed out that the observed clines of YAPϩ chromosomes (network 2.1) over Europe are compatible with many population movements out of Africa, which occurred 40,000-10,000 years ago. As for network 3.1, its preneolithic origin is supported. The geographic distribution of the major haplotype of this network parallels the late-paleolithic expansion from Iberia northward, recently demonstrated on the basis of the mtDNA data reported by Torroni et al. (1998) . Our data also reveal the contribution of recent lineages (networks 1.2, 1.3 and 1.4) that emerged from an ancient background. In particular, network 1.2 haplotypes might represent a novel characteristic of chromosomes involved in the neolithic gene flow into mainland Europe from the southeast.
Controversy exists over the relevance, in the present European autosomal and mtDNA gene pool, of gene genealogies that coalesce in the neolithic period versus the preneolithic period (Richards et al. 1996 (Richards et al. , 1997 Cavalli-Sforza and Minch 1997) . The three largest networks here reported appear to originate during the preneolithic period. On the other hand, our PC analysis is compatible with the demic diffusion associated with the demographic changes promoted by the spread of agriculture ), a neolithic process. In this context, the fact that our three older networks account for 76% of extant Y chromosomes may well hide the fact that a subset of haplotypes of these networks experienced numerical expansion due to demographic changes. In fact, it is likely that migrants' and preexisting populations' gene pools were not completely differentiated. Such an event leaves space for a wide range of values for the proportion of chromosomes that reached the present frequency by virtue of neolithic (or more recent) phenomena. The main conclusions of the present study can be summarized as follows: (1) there is a low level of homoplasy among dinucleotide microsatellite haplotypes; (2) there is high structuring of populations, with regard to Y-chromosomal network frequencies; and (3) networks are optimal markers for population studies addressing the radiation and dispersal processes associated with the preneolithic/neolithic transition.
